Arsenic is one of the major pollutants and a worldwide concern because of its toxicity and chronic effects on human health. An adsorbent of Fe-FeS 2 mixture for effective arsenic removal was successfully prepared by mechanical ball milling. The products before and after arsenic adsorption were characterized with scanning electron microscopy, X-ray diffraction, Fourier transform infrared spectroscopy, and X-ray photoelectron spectroscopy. The adsorbent shows high arsenic removal efficiency when molar ratio of iron to pyrite is 5:5. The experimental data of As(III) adsorption are fitted well with the Langmuir isotherm model with a maximal adsorption capacity of 101.123 mg/g. And As(V) data were described perfectly by the Freundlich model with a maximal adsorption capacity of 58.341 L/mg. As(III) is partial oxidized to As(V) during the adsorption process. High arsenic uptake capability and cost-effectiveness of waste make it potentially attractive for arsenic removal.
INTRODUCTION
Arsenic is toxic and its chronic exposure can cause various kinds of cancers and other diseases (Wang et al. ; Du et al. ) . Arsenic contamination, due to various anthropogenic and natural factors, such as mining activities, combustion of fossil fuels, underground geochemical mobilization and use of arsenic pesticides, gives rise to serious water quality problems. Today, elevated arsenic concentration has been detected in both developing and developed countries such as China, India, Bangladesh, United States, Mexico and Canada (Bhattacharjee et al. ; Wang et al. ; Wu et al. ; Li et al. a) . Many different methods (Tang et al. ) , such as adsorption, precipitation, ion exchange, ultra-filtration and co-precipitation, were applied to arsenic removal in aqueous systems. Among these technologies, adsorption has been widely investigated for its low cost, simple technology and sludge-free operation (Ranjan et al. ) . A variety of materials have been used as adsorbents for arsenic removal, including red mud (Li et al. ) , activated carbon (Min et al. ) and chitosan (Yamani et al. ) . Especially, iron and its compounds are constantly used to remove arsenic from aqueous systems (Zhu et al. ) .
Zerovalent iron (ZVI) and ZVI-based adsorbents have been widely studied for arsenic species removal due to their strong affinity and high selectivity for inorganic arsenic species (Zhang et al. b) . As adsorbents, they have a lot of advantages, such as low solid waste product, in-situ application and stable removal performance regardless of the changes in the volume of water treated (Crane & Scott ; Zhang et al. ; Li et al. ; Su et al. ) . Simultaneously, many studies indicate that the amorphous FeS 2 and ZVI-FeS x adsorbents show a strong attraction for heavy metals species. For example, Li et al. (b) investigated the kinetics and mechanisms of amorphous FeS 2 -induced Cr(VI) reduction, which indicated that FeS 2 was efficient in removing aqueous Cr(VI) with a stoichiometry of Cr(VI):FeS 2 ¼ 1:0.9. Su et al. () proposed a magnetic sulfide-modified nanoscale zerovalent iron (S-nZVI) for dissolved metal ion removal. The results showed that the S-nZVI had an optimal Cd removal capacity of 85 mg/g, which was >100% higher than for pristine nZVI.
In previous research, the application of the ZVI-FeS x composite adsorbents has not been expanded broadly because of the high cost and complicated preparation technology. In contrast, preparation of ZVI-FeS x composite adsorbents with iron powder and pyrite (ferrous disulfide, FeS 2 ) can greatly reduce the cost because of their extensive sources. Moreover, metal species, such as selenium and arsenic, sorption onto modified pyrite has been verified by some researchers (Bostick & Fendorf ; Kim & Batchelor ; Dong et al. ) . The advantages of pyrite-based adsorbents are twofold. Firstly, a satisfactory removal rate can be achieved without the oxidization of As(III) to As(V). Secondly, the residues would contain arsenian pyrites or some arsenic sulfide solid phase, all of which are stable in anoxic landfill environments.
Mechanical milling is a widespread application in the preparation of material due to the formation of new surface area and crystalline disorder (Ke et al. ) . Physical and chemical reactions occur during the process of mechanical activation (Calka & Radlinski ) . By this way, the properties of reaction particles are changed and the speed of reaction could be efficiently accelerated. Therefore, in this study, ball milling was used to treat the iron powder and pyrite mixtures to prepare the Fe-FeS 2 adsorbent. Based on the preparation of Fe-FeS 2 adsorbent, the basic physicochemical properties of Fe-FeS 2 adsorbent were characterized with scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared (FTIR), and X-ray photoelectron spectroscopy (XPS). And its removal capacities for As(III) and As(V) were investigated under different experimental conditions. Finally, the adsorption kinetics and adsorption isotherms were also explored.
MATERIALS AND METHODS

Materials
The chemicals used in the experiment, including iron powder (Fe), Na 3 AsO 4 ·12H 2 O and NaAsO 2 , were analytical grade reagents supplied from Sinopharm Group Chemical Reagent Co., Ltd (China). Pyrite was obtained from a mine of Tongling Nonferrous Metals Group Holding Co., Ltd, Anhui province, China. The Fe and S contents in pyrite were determined by analyzing the digestion solution with inductively coupled plasmaoptical emission spectrometry (ICP-OES) after pyrite was dried, ground and digested. The results showed that the content of Fe and S in pyrite was 48% and 52%, respectively.
Experimental procedure
Preparation of Fe-FeS 2 adsorbent with ball milll
The Fe-FeS 2 adsorbent was fabricated via facile ball milling of iron powder and pyrite with an all-round planetary ball mill (QM-QX4, Nanjing University Instrument Factory). First, 10.0 g of the mixture (iron powder and pyrite) was loaded into a stainless pot (500 mL inner volumes). Fe and FeS 2 were added with different initial molar ratios of Fe to FeS 2 (n(Fe/FeS 2 ) ¼ 10:0, 8:2, 6:4, 4:6, 2:8, 0:10). Then, an appropriate amount of stainless steel balls with the diameter of 15 mm were placed into the pot and the ball-to-material mass ratio (B/M) was fixed at 15:1. The ball milling reactor was then operated at 500 rpm for different time durations (0.5, 1, 1.5, 2, 2.5, 3, 3.5 and 4 h). Finally, after the pot was cooled to room temperature, the reaction products were taken out and used for adsorption tests.
Batch adsorption experiments
Solutions containing different concentrations of As(III) or As(V) (50, 100, 150, 200, 250, 300, 350 and 400 mg/L) were prepared with Na 3 AsO 4 ·12H 2 O and NaAsO 2 and the pH of the solutions was adjusted by diluted HCl and NaOH solutions. Then, 0.1 g of the adsorbent sample was added into 50 mL arsenic-containing aqueous solution under stirring (speed 150 rpm). And stirring times (that is contact time) were 10 min, 20 min, 30 min, 1 h, 2 h, 4 h, 6 h, 8 h, 10 h, 12 h and 24 h. After such a stirring time, the sample was filtered. The initial arsenic-containing solution and the solution after arsenic adsorption were measured by ICP-OES to determine the arsenic concentration. The isotherm adsorption experiment was performed on different initial arsenic concentrations (concentration range: 50, 100, 150, 200, 250, 300, 350 and 400 mg/L for As(III) and As(V)) with contact time of 4 h at 25 W C. For comparison, pure Fe and FeS 2 adsorbent prepared by ball milling were also used. The results were evaluated as removal efficiency (%) of arsenic and the residual arsenic concentration (mg/L). The removal efficiency of arsenic was calculated according to the following (Equation (1)):
where C i and C f are the initial and final (residual) concentrations of arsenic in the solutions, respectively.
Analysis
The morphology and surface elements distribution were determined by SEM equipped with energy-dispersive spectrometry (SEM-EDS, JMS-6360). The crystallographic composition of the samples was identified by XRD (D/max2550 VB þ 18 kW) with the steps of 0.02 W at 10 W min À1 in 2θ ranging from 10 W to 80 W . The infrared spectra of the samples were measured on a Nicolet IS10 FTIR spectrometer. XPS experimentation was performed with a Thermo Scientific ESCALAB 250Xi using an Al K-alpha X-ray source (1,486.6 eV). And a nonlinear least-square curve-fitting program (Avantage software 5.52) was used to deconvolve the XPS data. The particle size of the sample was analyzed using a laser diffraction particle size analyzer (Micro-plus, Malvern, USA).
RESULTS AND DISCUSSION
Preparation and characterization of adsorbent
Effect of the n(Fe/FeS 2 )
In the present work, the effects of n(Fe/FeS 2 ) on arsenic removal (10:0, 8:2, 6:4, 4:6, 2:8 and 0:10.) were examined firstly with a fixed B/M of 15:1, milling time of 1 h and initial As concentration of 100 mg/L. As shown in Figure 1 , the removal efficiency increases and subsequently decreases with the increase of pyrite dosage. When the Fe-FeS 2 adsorbents were prepared with n(Fe/FeS 2 ) of 6:4, 5:5 and 4:6, the removal efficiencies of As(III) and As(V) are satisfactory. For example, when the n(Fe/FeS 2 ) increases to 5:5, the removal efficiencies of As(III) and As(V) reach 84.06% and 75.75%, respectively. Furthermore, it is observed that the removal efficiency of As(III) and As(V) for ground Fe-FeS 2 mixture is much better than that of pure Fe or FeS 2 , indicating that the mixed ball milling of Fe and FeS 2 is beneficial to the increase in adsorption capacity. According to the above results, the n (Fe/FeS 2 ) was chosen to be 5:5 in the subsequent experiments.
Characterization of Fe-FeS 2 adsorbent
The effect of milling time was also investigated and the results are shown in Figure S1 in the Supporting Information (available with the online version of this paper). In the time range studied, the milling time had less effect on the removal efficiencies of As(III) and As(V) than the n (Fe/FeS 2 ). Because the removal efficiencies of As(III) and As(V) reach their maximum at the milling time of 2 h, this time was selected for the following studies. Based on the results above, the adsorbent prepared at n(Fe/FeS 2 ) of 5:5, milling time of 2 h and B/M of 15:1 was chosen as representative for its property characterization. Figure 2 presents SEM images of unground Fe-FeS 2 mixture and ground Fe-FeS 2 mixture. It can be seen that there are tremendous morphological differences between the unground and ground Fe-FeS 2 . The samples in Figure 2 (a) are actually composed of bulky particles measuring 100 μm in size. After being ground for 2 h, the bulky sample was crushed into small bits with approximately 10 μm in size, which could be more conductive to the adsorption of targeted contaminants. In addition, Figure 2(b) shows the adsorbents are constituted of many aggregated particles with different size and shape, and fine particles adhere on the surface of bulk particles. Iron is ductile, but pyrite does not have ductility. Thus, the fine particle may be pyrite and the bulk particle may be iron. And it is assumed that the removal of As may be attributed to such specific morphological features.
The structures of ground Fe, ground FeS 2 and ground Fe-FeS 2 with milling time of 2 h were further measured by XRD, shown in Figure 3 . Obvious diffraction peaks of Fe can be observed at 2θ ¼ 44.7 W and 64.9 W from the XRD patterns of ground Fe. All the diffraction peaks in XRD patterns of ground FeS 2 can be indexed to FeS 2 . Only the diffraction peaks of Fe and FeS 2 are found in XRD patterns of ground Fe-Fe 2 S, implying that there is no obvious chemical reaction between Fe and FeS 2 . The low-intensity and broadened diffraction peaks of ground Fe-FeS 2 mixture indicate poor crystallinity. FTIR spectra of pure Fe, pure FeS 2 and Fe-FeS 2 mixture after 2 h milling are shown in Figure 4 . The broad band at 3,420 cm À1 and 1,620 cm À1 are attributed to O-H stretching vibration in water molecules (Mikhaylova et al. ) . The strong well-resolved band at 417 cm À1 corresponds to S-S stretching. The band at 617 cm À1 belongs to the SO 2À 4 stretching and that at 1,090 cm À1 belongs to the M-OH stretching ( 
Characterization of the adsorbent after arsenic adsorption
SEM
In order to characterize the adsorbent after arsenic adsorption, the adsorption experiment was performed with initial As concentration of 100 mg/L, adsorbent dose of 0.1 g/50 mL and pH of 4. Then the As-adsorbed adsorbent was chosen as a typical example for property characterization. Figure 5 presents SEM images of the Fe-FeS 2 adsorbent after As(III) adsorption and As(V) adsorption. It can be seen that after the adsorption of arsenic, a flocculent sediment layer covers the surface of the adsorbent and the structure of the adsorbent becomes fluffy. The corresponding EDS images in Figure 5 (c) and 5(d) show that the sediment contains a large amount of arsenic, which demonstrates that arsenic ions adsorb at the surface of the adsorbent. Before As adsorption, fine particles adhering on the surface of bulk particles are observed (Figure 2(b) ), whereas the bulk particles are wrapped with a layer of flocculent substances ( Figure 5) . These results indicate that the adsorption of As occurs on the surface of bulk particles in the adsorbent. Figure 6 shows the infrared spectra of Fe-FeS 2 adsorbent and Fe-FeS 2 adsorbent adsorbed with As(III) and As(V) at pH 4. The band at 3,420 cm À1 is assigned to the physically adsorbed water and the band at 1,620 cm À1 is assigned to the bending vibration of hydroxyl groups from water. The bands appearing at 450-650 cm À1 belong to the Fe-O stretching vibration (Chen et al. ) , indicating that oxidation reactions occurred in the milling procedure. The band appearing at 1,090 cm À1 is typical metal hydroxyl (M-OH) stretching vibration. After arsenic adsorption, a new strong band at 
FTIR measurements
XPS
The adsorbents with and without adsorbed As(III) and As(V) species were then characterized by XPS, as shown in Figure 7 . The Fe 2p, S 2p and As 3d photoelectron spectra are shown in Figure 7 (a)-7(c), respectively. Both Fe and S species in the adsorbent are partially oxidized during milling, as indicated by the presence of Fe(III) and S(VI) species. In Figure 7(a) , the area of Fe(II)-S peak decreased and Fe(III)-O peak was increased after reaction with arsenic. And in Figure 7 (b), these spectra were fitted with a single doublet (S 2p 1/2 and S 2p 3/2 ), and the binding energy of the S 2p 3/2 level observed at 162.1 eV was consistent with the values usually observed for pyrite.
According to the literature, the binding energy values for As(III) and As(V) are 44.0-45.5 eV and 45.2-47.8 eV, respectively. The deconvolution of As 3d XPS peak after As(III) adsorption is assigned to the peak at 44.6 eV for As(III) and the peak at 45.6 eV for As(V), suggesting that the As(III) is oxidized to As(V) at this condition. However, after As(V) adsorption, only As 3d peak at 45.4 eV attributed to As(V) appears, indicating that the valence state of As does not change, because the binding energy of the As 3d core level for As(III) is 44.3-44.5 eV and for As(V) is 45.2-45.6 eV, respectively.
Adsorption kinetics of arsenic
Effect of contact time on arsenic removal
The As adsorption using Fe-FeS 2 adsorbent was studied by batch experiments with varied contact times. Figure 8 shows the change of As(III) or As(V) concentration as a function of contact time. The adsorption kinetics of As(III) and As(V) are similar. Specifically, the process of adsorption kinetics takes place in two distinct steps. A rather fast uptake of arsenic occurs at the beginning due to the large number of available adsorption sites at the initial stage. The second slow step extends to 12 h and then reaches equilibrium, which is ascribed to the gradual occupation of available adsorption sites on Fe-FeS 2 adsorbents by arsenate at the later time. In the whole process, more than 89.3% of As(V) and 94.5% of As(III) are removed after 24 h and the concentration decreases from 100 mg/L to about 10.44 mg/L of As(V) and 4.5 mg/L of As(III). The smaller particle size is favorable for the diffusion of arsenic molecules from bulk solution onto the active sites of the adsorbent. Then intraparticle diffusion dominates and the adsorption rate is slow with the increase of contact time.
Effect of pH on arsenic removal
The pH of aqueous solution plays a key role in the arsenic adsorption behavior because it affects the protonation and deprotonation of adsorbent. H 3 AsO 3 and AsO À 2 are dominant As(III) species and H 2 AsO À 4 and HAsO 2À 4 are dominant As(V) species in the solution under the tested pH range (2-12) (Lombi et al. ; Zhang et al. a) . As shown in Figure 9 , the removal efficiencies of As(III) and As(V) are all higher than 80% between pH of 3 to 10, except in a very acid or very alkaline conditions when pH is 2 or 12. This result indicates that the Fe-FeS 2 adsorbent is effective in a wide pH range (pH 3-10), which is of great significance to the practical application of the adsorbent. Thus, the pH of 4 was chosen to investigate the adsorption kinetics in the following experiment.
Adsorption kinetics
To evaluate the adsorption capacity of adsorbent, the As(III) and As(V) adsorption isotherm data were fitted with the Langmuir model (Equation (2)) and the Freundlich model (Equation (3) 
where C e is the equilibrium concentration of arsenic (mg/L); Q e is the equilibrium adsorption capacity (mg/g); q m is the maximum adsorption capacity (mg/g); K L is the adsorption constant (L/mg); K F and 1/n are Freundlich isotherm constants related to the adsorption capacity and the intensity of adsorption, respectively. The Langmuir and Freundlich equations were employed to describe the isotherm adsorption as shown in Figure 10 . The adsorption capacities and adsorption constants obtained at certain experimental conditions are listed in Table 1 . According to Figure 10(a) and Table 1 , the values of R 2 reveal that the Langmuir model describes the adsorption isotherms better than the Freundlich model for As(III) adsorption, implying that the adsorption of As(III) is a homogeneous monolayer adsorption. The maximum adsorption capacity of As(III) is 101.123 mg/g. According to Figure 10(b) and Table 1 , the Freundlich model fits well with the data of As(V) adsorption. The calculated maximum adsorption capacity of As(V) is 58.341 L/mg. Furthermore, the values of n are between 1 and 10, indicating that the isotherm adsorption of As(V) is nonlinear. 
CONCLUSIONS
In summary, a Fe-FeS 2 adsorbent for effective arsenic removal has been successfully prepared by mechanical ball milling. Regarding the preparation parameters of adsorbent, removal efficiencies of As(III) and As(V) are mainly affected by the molar ratio of Fe-to-FeS 2 , but less affected by mill time. SEM-EDS analysis shows the adsorbents are crushed into tiny pieces after milling, and after adsorption arsenic is effectively adsorbed on the surface of adsorbents. FTIR analysis confirms that the ion exchange between the hydrogen ions from hydroxyl groups and arsenic ions occurs on the surface of adsorbent. XPS analysis indicates that the As(III) is oxidized to As(V) during the adsorption process. The adsorbent is effective in a wide pH range (pH 3-10).
After 24 h adsorption, more than 89.3% of As(V) and 94.5% of As(III) are removed when As initial concentration is 100 mg/L. The adsorption kinetics of As(III) and As(V) fitted the Langmuir isotherm model and Freundlich model, respectively. The maximal adsorption capacities for As(V) and As(III) are 98.483 mg/g and 58.341 L/mg, respectively. All of these indicate that the prepared Fe-FeS 2 adsorbents have a great potential in the treatment of arseniccontaminated wastewater.
